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ABSTRACT: Band alignment between solids is a crucial issue in condensed matter physics and electronic
devices. Although the XPS method has been used as a routine method for determination of the band
alignment, the theoretical calculations by copying the XPS band alignment procedure usually fail to match
the measured results. In this work, a reliable ab-initio calculation method for band alignment is proposed
on the basis of the XPS procedure and in consideration of surface polarity and lattice deformation.
Application of our method to anatase and rutile TiO2 shows well agreement between calculation and
experiment. Furthermore, our method can produce two types of band alignment: the coupled and the
intrinsic, depending on whether the solid/solid interface effect is involved or not. The coupled and intrinsic
band alignments correspond to alignments measured by XPS and electrochemical impedance analysis,
respectively, explaining why band alignments reported by these two experiments are rather inconsistent.
The energy band alignment between solids is a fundamental concept in condensed matter physics and
of crucial importance in design of electronic devices.1-4 Many experimental methods, such as X-ray
photoelectron spectroscopy (XPS), electrochemical impedance analysis (EIA), photoluminescence
spectroscopy, surface photovoltage measurements, scanning probe microscopy, and so on, have been
developed to measure the band alignment, the band offset, as well as the band bending. Among these
methods, XPS is one of the most reliable and widely adopted choice.5 Using XPS, the valence band offset
between solids A and B,EB-A(VBM), can be expressed as:6
EB-A(VBM) = [EVBM-CL(B) – EVBM-CL(A)] + EB-A(CL) (1)
in which VBM stands for the valence band maximum and CL for the core level;EY-X(Z) here and
hereinafter denotes the energy difference of level Z between systems Y and X, or the energy difference
between levels Y and X in the system Z.
Unfortunately, directly employing Eq. 1 to calculate the band-offset using density functional theory
(DFT) usually does not correctly reproduce the experimental values. For example, Wei et al. calculated the
band offsets between all II-VI and III-V semiconductor compounds copying the XPS measurement
procedure and found that some band offsets have large deviations from the experimental observations,
especially between compounds with unavoidable lattice mismatch.7 Chambers et al. studied the band offset
at the epitaxial anatase TiO2/n-SrTiO3(001) interface, and their XPS measurement and DFT calculation
showed bad agreement between theory and experiment.8 Thus they concluded that either DFT could not
accurately calculate band offsets in the oxide materials, or some unknown factors (missed in the modeling)
at the interface were influencing the band offset.
In fact, DFT is presently the most successful approach to compute the electronic structure of matter.
Although the local density approximation (LDA) or generalized gradient approximation (GGA) will
underestimate the correlation effects between electrons and the band gap, it remains anticipated to calculate
band alignments between solids. Since the band alignment between solids is a relative energy value, the
LDA or GGA error can be largely canceled in calculations.9 For example, Ju et al. obtained the same band
offsets between anatase and rutile TiO2 by using the functional GGA and a more accurate hybrid
exchange-correlation (XC) functional HSE06.10 Therefore, the aforementioned failure of DFT prediction of
band alignment should be due to other reasons.
In this work, we attempt to translate the XPS measurement procedure for energy band alignment
between solids to a reliable ab-initio calculation method. The effects from lattice mismatch and surface
polarity are taken into account. The calculation procedure for the band alignment between solids A and B is
illustrated in Fig. 1. EVBM-CL(A) and EVBM-CL(B) terms in Eq. 1 can be calculated at their respective
equilibrium lattice constants. The EB-A(CL) term can be obtained from the unrelaxed A'/B' heterojunction,
but two corrections are needed for this term.
Figure 1. Schematic diagram of the procedure for calculating the band alignment between solids A and B,
based on the XPS measurement procedure (Eq. 1).EVBM-CL(A) and EVBM-CL(B) can be calculated at their
respective equilibrium lattice constants, while EB-A(CL) can be obtained from the A'/B' junction with
corrections 1 and 2 (from the surface polarity and the expansion and/or compression of A and B
respectively). The surface polarity, which is relative to the bulk one, is described by the electric dipole
moment p. pinter denotes the moment of the dipole layer induced by the interaction between two solids. The
distance between two solids d can be tuned to change their interaction. When d is big enough, pinter equals
to zero, and the band alignment between two solids is intrinsic; the nonzero pinterwill give a coupled band
alignment.
The first correction is from the surface polarity, which is introduced by the interruption of lattice
periodicity. The polarity of an exposed surface may be represented by electric dipoles (moment p)
perpendicular to the surface, as shown in Fig. 2(a). Under the parallel-plate capacitor approximation the
electrostatic potential difference (φ) between two sides of the capacitor can be expressed as:
φ = ep/(Aeff0), (2)
where e is the elementary charge; A is the surface area; eff is the effective dielectric constant of the surface;
and 0 is the permittivity of free space. If the average electrostatic potential of the system is taken as the
energy reference, then the electrostatic potential created by the surface dipole layer increases the potential
of EVR in the vacuum side of the capacitor and decreases the potential of ESR in the solid side. Fig. 2(b)
shows the superposition of this additional electrostatic potential from the surface dipole layer and the
original electrostatic potential of the solid. The solid line in Fig. 2(b) is the resulting electrostatic potential
of the solid with an exposed surface. Thus, the surface polarity will lead to an increment of φ (φ = EVR –
ESR) in the binding energy of every electron in the solid. In other words, the energy levels of both valence
and core electrons in the solid will be shifted by the same amount of -φ due to the surface polarity. The
effect of surficial polarity on the energy levels might as well be put into the EB-A(CL) term in Eq. 1, and
the first correction is:
EB-A(CL)1 = [-φ(B)] – [-φ(A)]. (3)
Figure 2. (a) The polarity surface of a solid and its polarity is represented by the electric dipole layer with
the dipole moment of magnitude p. Under the parallel-plate capacitor approximation the electrostatic
potential difference between the two plates is φ. If the average electrostatic potential of the system is taken
as the energy reference, then the potential in the solid region decreases of ESR and that in the vacuum
region increases of EVR. (b) Superposing the electrostatic potential of the surface dipole layer on the
electrostatic potential of the solid, which is averaged in the xy plane parallel to the surface11; the dashed line
indicates the potential without the surface dipoles.
The second correction comes from the lattice mismatch between solids when constructing the
heterojunction. In theoretical calculation, the in-plane lattice should be expanded or compressed from
original solids A and B to new A' and B' to form a junction supercell (see Fig. 1). Thus the core level
difference between two solids calculated from the A'/B' junction is EB'-A'(CL), but evidently not the
original EB-A(CL).
The lattice deformation (i.e. the lattice expansion and/or compression) can lead to a change in the local
atomic environment, and thus causes shifts of the core levels. For a given solid X and its deformed form X',
their core levels cl(X) and cl(X') can be obtained from their respective ab initio calculations. Then the
change of the core level from the lattice deformation can be determined by:
EX'-X(CL) = [cl(X') + Fermi(X') – E0(X') ] –[cl(X) + Fermi(X) – E0(X) ] (4)
where εFermi is the Fermi level, and E0 is the vacuum level in the absence of surface polarity, as indicated in
Fig. 2(b). The method to determine E0(x) in ab initio calculations can be seen in Supporting Information.
Thus, the core level difference between solids A and B in the absence of surface polarity is:
EB-A(CL) = EB'-A'(CL) + [EA'-A(CL) – EB'-B(CL)] = EB'-A'(CL) + EB-A(CL)2, (5)
where EB-A(CL)2 is the second correction for EB-A(CL) due to lattice deformation.
By considering both Eq. 3 and Eq. 5, finally the core level difference between solids A and B
involving the surface polarity and the lattice deformation can be calculated as:
EB-A(CL) = EB'-A'(CL) + EB-A(CL)1 + EB-A(CL)2. (6)
Then the calculation method for the band alignment between two solids based on XPS measurement
procedure is proposed as:
EB-A(VBM) = [EVBM-CL(B) – EVBM-CL(A)] + EB'-A'(CL) + EB-A(CL)1 + EB-A(CL)2. (7)
However, the last two terms were usually missed in the previous band-alignment calculations based on XPS
measurement.
It is worth noting that valence band alignment using Eq. 7 depends on the distance d between two
solids in the junction supercell (see Fig. 1). Therefore two types of band alignment can be defined. When d
is large enough to cancel the interaction between two solids, their band alignment is intrinsic. While the
two solids approach closer, the interaction between them become stronger, e.g. the charges can transfer
between them to induce the dipole layer at their interface. In such a case, the band alignment is called the
coupled.
To illustrate the reliability of Eq. 7, the band alignment between anatase and rutile phase TiO2 will be
taken as an example. TiO2 is the mostly studied metal oxide as a prototypical model system for
heterogeneous catalysis,12-16 photochemistry,17-19 surface science,20-23 and so on.24-26 On the other hand, the
band alignment of two phases of TiO2 is an active and controversial topic.27-33 The XPS experiments
observed that the band-edge positions of rutile TiO2 are higher than those of anatase, whereas EIA showed
the band edges of anatase straddle those of rutile. The calculation method Eq. 7 proposed by us can explain
this experimental discrepancy, as demonstrated below.
For real TiO2 crystals, the anatase (101) and rutile (110) surfaces account for the majorities of exposed
surfaces respectively, which will be adopted for the band alignment. These two surfaces are modeled by the
stoichiometric p(3 × 1) rutile TiO2(110) and p(1 × 2) anatase TiO2(101) periodically repeated slabs with the
vacuum space of ~11 Å, respectively. All DFT+U calculations are performed using Vienna ab-initio
simulation package (VASP).34, 35 The core level energies are calculated under the initial state approximation.
The corresponding core state eigenenergies are taken from any one of unfixed Ti or O near the center of the
slabs. The detailed settings of calculation can be found in Supporting Information.
The band alignments between anatase and rutile TiO2 calculated by Eq. 7 are summarized in Table 1. For
reference, some corresponding experimental observations are added into Table 1. In addition, the band
alignments without the two corrections are also listed for comparison. Obviously, ER-A(VBM) calculated
without corrections exaggeratedly deviate from the experimental values, being no comparability with
experimental values. Furthermore, it is physically unreasonable that the predicted values strongly depend
on the selected core levels. In contrast, by taking the corrections implemented in Eq. 7, the predicted band
offsets match the experimental ones very well. Besides, any selected core levels, e.g. Ti 1s, Ti 2s, Ti 2p, and
O 1s, gives the identical values for band alignments in both the intrinsic and coupled conditions. This
comparison implies that our proposed scenario for band alignment calculation (i.e. Eq. 7) is quite reliable.
The band alignment depends on the distance d between two surface slabs may be seen in Table 1 for
our model of TiO2 junction. The detailed distance-dependent value of the band alignment is shown in
Figure 3. When the two surface slabs are separated by a vacuum space of more than 5 Å (corresponding to
the weak interaction between them), their VBM offset approaches a constant, called by us the intrinsic band
alignment. When d is less than 5 Å, the interaction between surface slabs is not negligible to the band offset.
For example, when d is 1.67 Å, which is half the width of a trilayer of anatase (see Figure S2 in Supporting
Information), the band offset is significantly different from the intrinsic value at d = 8.17 Å. The band
alignment with the strong solid/solid interface interaction was called by us the coupled one.
Besides the XPS method, the EIA method can also characterize the band alignment between two solids,
which corresponds to the aforementioned intrinsic type because EIA separately measures the VBM or CBM
positions of semiconductors. The principle of EIA measurement is briefly summarized in Supporting
Information. Our calculated intrinsic band alignment between two TiO2 phases deviates somewhat from
values of EIA measurements, which are listed in the last column of Table 1. This deviation may be caused
by the surface adsorption of TiO2 in the electrolyte solution and the compensation of surface polarity by
adsorbates during the EIA measurements. Assuming the adsorbates on anatase (101) and rutile (110)
surfaces completely compensate their surface polarity, the predicted ER-A(VBM) should be -0.08 eV, very
close to the EIA value of -0.04 eV.36, 37
Table 1. The calculated band alignments between rutile and anatase TiO2 with/without the corrections.
Different core levels are adopted as the energy reference, which should not affect the final results of band
alignment physically. Some corresponding experimental values taken from literature are also presented for
reference. All energy values are in unit of eV.
* The values in this column are calculated using Eq. S5 in Supporting Information.
a –values calculated using Eq. 7 when the distance d between two slabs R and A is 8.17 Å.
b –values calculated using Eq. 7 at d = 1.67 Å.
a’ –values calculated without corrections at d = 8.17 Å.
b’ –values calculated without corrections at d = 1.67 Å.
Ti 1s Ti 2s Ti 2p O 1s XPS EIA*
EVBM-CL(R) – EVBM-CL(A) -0.98 -0.94 -0.95 -0.98
ER'-A'(CL)
a -3.81 -3.41 -3.46 -1.37
b -3.54 -3.14 -3.19 -1.09
ER-A(CL)1 0.26
ER-A(CL)2 4.71 4.28 4.33 2.27
ER-A(VBM)
a' -4.79 -4.35 -4.41 -2.35
0.3930
0.738
0.3739
-0.04[A(101)36; R(110)37]
a 0.18 0.19 0.18 0.18
b' -4.52 -4.08 -4.14 -2.07
b 0.45 0.46 0.45 0.46
Figure 3. The band alignment between anatase and rutile TiO2 varies as the distance d between two slabs.
In contrast, the XPS measurement of the band alignment between two solids involves the solid/solid
interface effect and thus corresponds to the coupled band alignment. Since the coupled band alignment is
sensitive to the interfacial dipole layer which may be created by a change in the interfacial ions’
configuration, charge transfer between two solids, etc., it is reasonable that the XPS experimental results of
the band alignment between anatase and rutile TiO2 are a little scattered. In fact, previous studies of the
strain effect on the band structure of semiconductors had noticed that the change in interfacial atomic
configuration, i.e. change of bond lengths, bond angles between interfacial atoms, does not lead to a much
big shift in VBMs of solids with an indeterminate sign:40 the prolonged bond lengths decrease the
bonding-antibonding splitting and the bandwidth, respectively increasing and decreasing the VBM energy,
whereas, the shortened bond lengths behave inversely. In this sense, the band alignment calculated here
without performing structural relaxation of the A'/B' junction model to meet the elusive real interfacial
atomic picture is a good approximation. Taking half the atomic periodicity of the longer-periodicity solid in
the heterojunction along the z direction as the minimum value of d is reasonable to make overlapping of the
atomic orbitals correct. Half the width of a trilayer of anatase (rutile) is 1.67 (1.59) Å (see Figure S2 in
Supporting Information). Our calculated VBM band offset between anatase and rutile at d = 1.67 Å is 0.45
eV, which locates in the range of XPS values as expected (see Table 1). So, our coupled band alignment at
the minimum value of d may be acted as a better approximation than the first approximation (the intrinsic
band alignment) that commonly is used to help design of devices with solid interfaces.
In summary, an ab-initio method for reliable calculation of band alignment between two solids has
been proposed on the basis of the protocol of XPS measurement with two corrections in the core level from
surface polarity and lattice deformation. Our method can yield two types of band alignment. The intrinsic
band alignment free of the interfacial interaction between two solids corresponds to the band alignments
measured by the EIA method, while the coupled one containing the interfacial interaction corresponds to
the XPS measurement. The intrinsic and coupled band alignments between rutile and anatase TiO2
calculated by our method are different but in well agreement with corresponding experimental observations.
The theoretical principle of our work is independent of the type of material, and it may predict the band
alignments between any two solids.
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SI-1. The method to determine E0
The solid with a surface was modeled by a slab with a vacuum space. When the average
electrostatic potential over the whole model lattice is taken as the zero energy reference, the
electric dipole layer representing the surface polarity creates the electrostatic potential
distribution as sketched in Figure S1(a). The electrostatic potential in the right side of the
surface (i.e. vacuum region) increases by EVR and it decreases by ESR in the left side (i.e. solid
region). Usually the polarized charges are localized at the outermost surficial ions,1-3 so the
width of the equivalent capacitor is quite narrow, which can be neglected comparing with the
width of the vacuum space and the slab. Thus, one can obtain:
ESR × wsolid = EVR × wvacuum , (S1)
where wsolid and wvacuum denote widths of the slab and the vacuum respectively.
The solid line shown in Figure S1(b) is a typical DFT-calculated electrostatic potential
of a slab lattice with surface polarity, which has been averaged in the x-y plane parallel to the
surface. ER and EL is the maximum and minimum values of the electrostatic potential in the
vacuum region, and their difference is equal to the electrostatic potential difference
between the solid and the vacuum induced by the surface polarity. The dashed line is the
electrostatic potential of the slab in the absence of surface polarity. E0, the vacuum level of the
slab lattice in the absence of surface polarity, can be calculated by:
E0 = EL +  × wvacuum/(wsolid + wvacuum). (S2)
Figure S1. (a) The electrostatic potential created by the surface dipole layer, when the average
electrostatic potential over the whole slab lattice is taken as the energy reference. (b) Solid
line: the potential calculated by DFT for the slab lattice. Dashed line: the one deducting (a)
from the solid line. The potentials have been averaged in the x-y plane parallel to the surface.
SI-2.Methods and surface models
All DFT+U calculations are performed using the projector-augmented wave
pseudopotentials as implemented in the Vienna ab initio Simulation Package (VASP)4, 5 within
the local-density approximation (LDA). The energy cutoff for plane wave basis sets is 450 eV.
The atomic positions and cell parameters are relaxed until the forces on each atom are less
than 0.01 eV/Å, and the self-consistent convergence accuracy is set at 1×10-5 eV/atom. The
experimental lattice constants, a=b=3.785 Å, c=9.502 Å for primitive anatase phase TiO2, and
a=4.593 Å, c=2.959 Å for rutile phase TiO2,6 are used to build the surface slab models. For
integration within the first Brillouin zone, -point sampling was selected. On-site Coulomb
repulsion U=3.5 eV is imposed on the 3d orbitals of Ti.
To model the surfaces, the stoichiometric p(3×1) rutile TiO2 (110) plane and p(1×2)
anatase TiO2 (101) plane are adopted, respectively. Periodically repeated slabs with a vacuum
space of ~11 Å. The number of atoms in the rutile (anatase) slab is 162 (192). Atoms of four
trilayers in the anatase and rutile surface models were fixed at their bulk positions, as shown
in Figure S2. The monopole, dipole, and quadrupole corrections are applied to the
electrostatic interaction between the slab and its periodic images in the direction
perpendicular to the slab.
Figure S2. The side view of the anatase TiO2 (101) and rutile TiO2 (110) surface models. The
width of the trilayer of anatase and rutile are 3.34 and 3.18 Å, respectively.
SI-3. The band edge positions determined by EIA
EIA measurements can determine the flat band potential (Uft) of a semiconductor and the
electrode potential relative to a reference electrode (e.g. the normal hydrogen electrode, NHE)
when the space charge layer of the semiconductor becomes zero. Uft links the energy levels of
the semiconductor and electrolyte by the relationship:7, 8
Uft =  + EF + VH + 0, (S3)
where  is the electron affinity of the semiconductor; EF is the difference between the Fermi
level and majority carrier band edge of the semiconductor; VH is the potential drop across the
Helmholtz layer; and 0 is the scale factor (e.g. 4.5 eV for NHE). When VH equals zero at
zero point of charge (pHZPC), the flat band potential (Uft0) is the intrinsic Fermi level of the
semiconductor.
For metal oxides, the flat band potential varies with the pH value of solution following a
linear relation known as the Nernstian relation:
UftpH = Uft0 + 0.059(pHZPC – pH). (S4)
Using measured data of UftpH and Eg (Eg is the band gap), the valence band edge energy of an
n-type semiconductor with respect to the reference electrode can be calculated as:
EVBE = UftpH – EF + Eg – 0.059(pHZPC – pH). (S5)
To determine the value of EF, experimentally certain impurities are introduced into the
semiconductor, which can shift the Fermi level so close to the majority carrier band edge that
EF is approximately zero and may be neglected in Eq. (S5). The valence band edges in two
n-type semiconductors aligned by Eq. (S5) are apparently the intrinsic type.
The flat band potential of anatase TiO2 (101) surface relative to the saturated calomel
electrode (SCE) is -0.4 eV at pH = 0,9 while that of rutile TiO2 (110) surface is -0.25 eV at pH
= 1.10 Using Eq. (S5) and considering the band gaps (3.2 eV for anatase and 3.0 eV for rutile),
the valence band edge energy of rutile can be estimated, which is lower by 0.04 eV than that
of anatase.
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